Nanotechnology may be an alternative to overcome the limitations of conventional treatments, through the creation of nanostructured devices capable of directing the antimicrobial to the affected tissue. In this paper, polylactic acid (PLA)/chitosan (CH) nanoparticles were synthesized for controlled release of gentamicin (hydrophilic drug) through the simple emulsification-solvent evaporation method. The results suggest the successful formation of PLA/CH coreshell nanoparticles. Zeta potential analysis showed that the particles have positive surface charges, which is attractive for cell adhesion and suggest the presence of CH in the shell. The burst release observed at the first 6 hours was due to the gentamicin bonded in the CH shell. However, after 24 hours, the system resumed releasing, confirming the interaction and release of gentamicin from the PLA core. The antimicrobial assay indicated inhibition of growth of Staphylococcus aureus, confirming the effectiveness of the encapsulation and release of gentamicin from PLA/CH nanoparticles.
Introduction
Bacterial infections, such as mastitis, cause painful inflammation accompanied by leukocyte and serum protein diffusion from the blood to the infected site [1] [2] . Traditional antibiotic treatment may bepainstaking, besides it can lead to failure in infection control or delay in healing, since the drug dosage is imprecise and delivered discontinuously. Moreover, the antibiotic cannot reach some cellular compartments, being blocked by the organism's defense cells. In this context, new nanostructured drug delivery systems have been developed with potential ability to enter defense cells through the process of phagocytosis and control the continuous gentamicin (GEN) releasing for treatment of this disease.
Biodegradable Nanoparticles (NPs) are under intense investigation due to their potential application in targeted drug delivery [3] [4] [5] . Some polymers have aroused greater interest due to their applicability potential, and their excellent biodegradability and biocompatibility properties [5] . In addition, polymeric nanoparticles are structurally stable and can be synthesized with greater size distributions control. Polymers such as Chitosan (CH) and Polylactic Acid (PLA) have gained prominence for this purpose [6] [7] .
CH is a natural polymer that becomes a polycation at acid pH with mucoadhesive characteristics, increasing its affinity for biological membranes [5, 6] . CH ability to be positively charged also allows an increase in the residual time of the drug at the absorption site and can promote increased bioavailability that favors its use as nanoparticles [6] . Polylactic acid, in turn, is one of the aliphatic polymers can be obtained from renewable sources and is used for the production of biocompatible and bioabsorbable devices [7] [8] [9] . This polymer has high crystallinity and low hydrophilicity which reduces its degradation rate [10] [11] . Another important factor is that PLA can generate negative charges on the surface, which favors its interaction with chitosan during nanoparticles synthesis [12] .
PLA/CH nanoparticulate systems for drug delivery have been extensively studied in the literature, however, the synthesis of such systems using the emulsification-solvent evaporation method, are only used to transport hydrophobic drugs [5, 11, [13] [14] [15] [16] [17] . There are few reports of these devices in the transport of hydrophilic drugs, and those that exist use another route of synthesis, since this is a consolidated route in the encapsulation of hydrophobic drugs [10, 18, 19] . Therefore, the synthesis of PLA/CH core-shell nanoparticles prepared by emulsion-solvent evaporation methodology was investigated, for potential application as a gentamicin delivery system in the treatment of infections. The results also provide a new route for the use of PLA/CH nanoparticles as release vehicles for hydrophilic drug, which had not yet been reported in the literature, according to our knowledge.
Materials and Methods

Synthesis of Nanoparticles
The samples were prepared by an oil in water emulsification (O/W) followed by ultrasonic solvent evaporation, adapted from Dev et al. (2010) [10] . 37.5 mg average molecular weight chitosan (Sigma-Aldrich, USA) was solubilized in 30 mL 0.1% (v/v) acetic acid solution (Proquímios, Brazil). One drop of Tween80 ® (Fagron, Brazil) was added to each 100 ml of acetic acid solution (aqueousphase). Subsequently, 50 mg PLA (M n 116848, polydispersity: 1.67) was dissolved in 5 mL dichloromethane (DCM) (organic phase). Afterwards, all organic phase was poured into the aqueous phase (sample 1: 0.75, that is, proportion of 1PLA: 0.75CH). For samples 1:0.50 and 1:0.25 it was varied only the amount of chitosan. The solutions were then mixed and shaken in a Turrax (model T10 Basic, IKA) at a rotation of 30,000 rpm for 10 minutes. The resultant suspension was placed on an ultrasonic probe (Hielscher) for 30 minutes (3s on/ 3s off cycle) and with amplitude of 40%. The suspension was centrifuged (7500 RPM, 40 min -Centrifuge Model 5804R, Eppendorf) and filtered through a syringe filter (0.45μm) and freezedried for further analysis.
Synthesis of Gentamicin loaded PLA/CS nanoparticles
The hydrophilic drug encapsulation was done using the same methodology described in the previous item, with the addition of the gentamicin solution in the aqueous phase. Aqueous gentamicin solution (86um) was first poured into a polymer solution (37.5 mg of CH dissolved in 30 ml of 0.1% acetic acid solution containing Tween80 ® ) to form emulsion. Sequentially 50 mg of PLA were dissolved in 5 ml of dichloromethane and the solution formed was rapidly poured into the emulsion containing the antibiotic. The mixture was stirred to form an emulsion, and then sonicated, under the same conditions used to prepare the nanoparticles in the absence of gentamicin.
Particle Size Distribution
Average diameter and particle size distribution data were collected from the nanoparticles suspensions by Dynamic Light Scattering (DLS) technique (ZetasizerNanoseries, model ZS90, Malvern Instrument).
Zeta Potential and Colloidal stability at various pH's
Zeta potential data was collected (Zetasizer Nano series, model ZS90, Malvern Instrument). In addition, the effect of pH in the range 2.0 -10.0 on the zeta potential measurements were also analyzed. Nanoparticles (9.0mg) were suspended in 30 mL of distilled water under stirring on an ultrasonic probe for 2 minutes. In all instances, 0.01M NaOH solution was used to increase the pH and a 0.01M HCl solution was used to decrease the pH.
Scanning Electron Microscopy (SEM)
Morphology of freeze-dried nanoparticles dispersed in deionized water was analyzed by SEM (model Leo 440i -LEO Electron Microscopy/Oxford). 5μL of each sample was dripped onto a silicon port, dried overnight and covered with 200Å of gold (Sputter Coater EMITECH, model K450).
Fourier Transform Infrared Spectroscopy (FTIR)
Infrared spectra were collected on a Spectrometer (Perkin Elmer-Frontier) and recorded from 500 to 4000 cm-1. The inter-and intramolecular interactions between the polymers were evaluated by the presence of characteristics functional groups of CH and PLA in the nanoparticles.
Thermogravimetric analysis (TGA)
Determination of weight loss of PLA/CH nanoparticles, CH and PLA was performed on a Differential Scanning Calorimeter (NETZSCH -Model STA 449 F3Jupter) under nitrogen atmosphere from 37ºC to 800ºC at a heating rate of 10ºC/min and N 2 flow rate of 20 cm³/min.
Drug encapsulation efficiency
The obtained GEN loaded nanoparticles suspension was centrifuged at 10000 RPM for 25 min (Centrifuge HT-MCD-2000). The supernatant was diluted twice and 1 ml of it was subjected to the colorimetric method described by Frutos et al. (2000) . The solution was measured by UV spectrophotometer (Cary 60, Agilent Technologies) at the wavelength 400 nm and the weight of drug was calculated by using calibration curve. The efficiency of encapsulation was calculated by Eq. 1:
In vitro drug release
The in vitro drug release assay was carried out on all formulations. 4 mg of each sample were suspended in 1 ml of distilled water and placed in a dialysis membrane bag with a molecular cut-off of 3.5kDa. Samples were immersed into 10 ml of PBS buffer (pH=7.4). The entire system was kept at 37ºC in an incubated shaker at 120 rpm. After a predetermined period, 1 ml of the medium was collected and the concentration of gentamicin was evaluated by UV spectrophotometer (Cary 60, Agilent Technologies) at 400 nm. In order to maintain the original volume, once collected, 1ml of medium was replaced with same volume of fresh PBS buffer. This assay was repeated three times.
Evaluation of antimicrobial activity by the disk diffusion method
Colonies of Staphylococcus aureus were recovered in Brain Heart Infusion (BHI) broth at 37°C for 24 hours. The antimicrobial susceptibility was evaluated by the disc diffusion method, according to CLSI recommendations (2009a) and with the methodology described by Almeida et al. (2014) [20] [21] [22] . Here, sterile filter paper discs received a 10 μL aliquot of each nanoparticle suspension (4 mg/ mL) to be tested, and then the disk was applied with sterile forceps onto a Petri dish containing Mueller-Hinton agar (MH), previously inoculated with the microorganism. The inhibition zone around the discs were measured after 24 hours of incubation at 37°C.
Evaluation of antimicrobial activity by the micro-dilution technique
Staphylococcus aureus was cultured into BHI broth in screw capped tubes and incubated at 37ºC for 24 hours. The antimicrobial screening was performed in clear 96-well plates containing 100 μL of BHI liquid medium in each well except the first well. The samples were successively diluted in each row. Gentamicin solution was used as positive control and water as negative control. Broth only was also tested to check for contamination. 100 μL of bacterial solution was added to each well, except to the broth only ones. The final volume of each well after the dilution procedure was 200 μL. The plate covered was incubated for 24 hours at 37ºC. After this, 10 μL of a 0.01% aqueous solution of sodium resazurin was added to each of the wells. After 1 hour, the visual reading of the results was done, in which blue characterizes bacterial inactivity, and pink color refers to bacterial metabolic activity. Fig. 1 shows the results on PLA/CH nanoparticles unloaded and loaded with gentamicin. The average particle size is in the range of 150-400 nm (Fig. 1 ). From the results of zeta potential listed in Tab. 1, it is found that PLA/CH nanoparticles have positive surface charge of about 23-35mV. PLA/CH nanoparticles loaded with gentamicin also have positive charge of about 14-26mV. The positive charged surface of PLA/CH nanoparticles is probably due to the cationic characteristic of CH, and was reported in other studies with chitosan nanoparticles [5, 22] . This may suggest that a PLA/CH core-shell structure has been formed. The decrease on the nanoparticles surface charge after gentamicin loading may be due to the dual gentamicin interactions with CH positive charges and PLA negative charges. The colloidal stability was evaluated at various pH's. Zeta potential results showed positive charged nanoparticles in a wide pH range (2 to 7), indicating that nanoparticles were stable at physiological conditions (Fig. 2 ). Nevertheless, from pH 8 to 10, zeta potential was reduced, compromising particle stability in the suspension. In addition, Zwitterionic behavior is reached around pH 10. This can be attributed to the balance of charges of both CH and PLA polymers, as well as GEN, in equilibrium with hydroxyl groups at this pH. Morphological characterization of nanoparticles was carried out by SEM. Fig. 3 shows the SEM images of unloaded and gentamicin loaded PLA/CH nanoparticles. Thermal properties of PLA, CH and PLA/CH nanoparticles were studied by TGA analysis ( Figure 5 ). Results show that nanoparticles have lower thermal stability when compared to their individual components. In addition, it is possible to observe that the thermal stability is decreased even further gentamicin encapsulation. In order to explore the possibility of using PLA/CH nanoparticles as hydrophilic drug carriers, gentamicin was used as a model drug. The percentage of gentamicin encapsulated in each PLA/CH nanoparticle formulation is showed in Tab. 1. In addition, the in vitro study of GEN release is presented in the Fig. 6 . In addition to in vitro release studies, the activity of gentamicin against Staphylococcus aureus was evaluated by the disk diffusion method. As expected, growth-inhibition zones were only observed around the disks treated with gentamicin-loaded nanoparticles (Fig. 7) . This indicates the incorporation of the antibiotic into the nanoparticles and their capability to release gentamicin. Bacterial activity was evidenced by color change after addition of resazurin sodium to the wells. As the concentration of gentamicin increased, the coloration assumed darker shades, indicating inhibition of bacterial activity. The red rectangles delimited in the plate rows indicate where inhibition of bacterial activity was observed ( Fig.8 ). Note: Bacterium (BACT.), Gentamicin (GEN) and Brain Heart Infusion (BHI).
Results
Discussion
DLS analysis showed that gentamicin-free particles were more monodisperse than gentamicin-loaded nanoparticles (Tab. 1), which was confirmed by SEM images (Fig. 3 ). Gentamicin-loaded nanoparticles also showed agglomeration points ( Fig. 3) , which justified larger average size for this system when compared to the system without the drug (Fig. 1 ). SEM micrographs of nanoparticles prior to freeze drying process (data not shown) showed that gentamicin has a structural effect on the nanoparticles, decreasing the average diameter and reducing the polydispersity of the particles.
Size of nanoparticles is important because it is related to the stability, cellular uptake, bio-distribution and drug release [15] . Nanoparticles with diameters greater than 300 nm are known to induce phagocytosis and macropyocytosis due to the triggering of opsonization of the particles. This mechanism allows the removal of foreign particles from host cells in excess or damaged within the organism [23] [24] . On the other hand, particles smaller than 300 nm are more suitable for adhesion and surface cellular interaction [25] . Particle size distribution (Fig. 1) shows good application for the two sequences, which is interesting for intra and extracellular action on the site affected by bacterial infection.
In the nanoparticle synthesis process, chitosan interacts to PLA surface due to strong intermolecular hydrogen bonds, which makes nanoparticles surface charges positive (Tab. 1). Moreover, the amino groups in CH molecule have higher ionic conductivity which contributes to the increase in the charge density of the polymer during the preparation process [13, 15, 26, 27] . Zeta potential reduction with the antibiotic encapsulation occurred because there was less availability of amino groups on the nanoparticles surface due to the gentamicin-chitosan interaction, which indicates the formation of core-shell nanoparticles in which the nucleus composed of PLA is covered by chitosan. This hydrophobic-hydrophilic biodegradable nanoparticle system can serve as drug carriers.
The pH of as synthesized nanoparticle suspension was around 4.0. After freeze-drying and redispersion in distilled water, the suspension pH was 7.0 (close to physiological conditions). In addition to pH effect, freeze-drying process also facilitates nanoparticles' storage and increases their shelf-life that are important parameters for biomedical application. At pH 4.0, it is expected greater interaction of gentamicin with PLA (hydrophobic character) than chitosan (hydrophilic character) due to the protonation (positive charge) of CH and GEN amine groups that causes charge repulsion between these molecules. This fact justifies greater encapsulation efficiency of gentamicin in samples with less amount of chitosan (Tab. 1). It is noteworthy that the slight acidic pH surronding bacterial infection will cause CH amine groups protonation, which enhances mucoadhesive property of nanoparticles and increases their retention in the site of application [28] [29] [30] [31] .
FTIR analysis of nanoparticles and their individual components are presented in Fig. 4 . The peaks at 1582 and 1540 cm -1 correspond to the amide group of CH. The multiple peaks at 870 and 1190 cm -1 are the result of polysaccharide structure of CH [11, [32] [33] . The peak at 1322 cm -1 is the characteristic band of CH3 symmetrical deformation mode. The peaks between 3200 and 3350 cm -1 are due to the hydrogen bonded -OH group. The peak around 1789 cm -1 is attributed to carboxylic groups on the PLA side chains. The peak present in the gentamicin drug spectrum at 1632 cm -1 was due to N-H ( Fig. 4b ) [34] . In addition, the peak shifts between 1000 and 1100 cm -1 show the interaction between polymers and drug (Fig.  4c, d and e ). This also confirms the drug was incorporated into the polymeric nanoparticles.
TGA analysis shows that CH has a two-stage degradation pattern in TG curves (Fig. 5 ), which may be attributed to the moisture losses and thermo-degradation of the CH chains [9, [35] [36] . On the other hand, PLA presents a one-stage of thermo-degradation corresponding to the degradation of the hydrocarbon chain.
The nanoparticle sample with the lowest amount of CH (1 PLA: 0.25CH) showed higher thermal stability in the initial phase of the analysis, indicating higher prevalence of PLA in the synthesized material. This initial phase is a result of sample moisture loss. As PLA is hydrophobic, it is possible that this sample retains less moisture.
Drug encapsulation efficiency was higher for sample 1PLA:0.25CH (75.8%) (Tab.1). The lower encapsulation efficiency presented by 1PLA:0.50CH (68.7%) and 1PLA:0.75CH (66.7%) samples can be explained by the lower amount of PLA available for interaction with the drug, since greater amount of chitosan in the formulation causes competition between chitosan and gentamicin for binding with the -OH groups of PLA.
The profile of gentamicin release (Fig. 6 ) showed two stages. In the first 6 hours of release, a dilution process occurred (Region 1) and the gentamicin bound to chitosan on the surface of the nanoparticle (shell) was released. After 24 hours, gentamicin concentration started to increase again (Region 2), indicating that the antibiotic bound to PLA in the core of the nanoparticle was being released.
The capability of nanoparticles to delivery gentamicin and inhibit Staphylococcus aureus growth was confirmed by the presence of inhibition zones around the disks treated with gentamicin-loaded nanoparticles (Fig. 7) . In addition to disk diffusion assay (agar), antimicrobial activity of nanoparticles was also evaluated against Staphylococcus aureus using the resazurin assay in liquid culture media. Bacterial activity was analyzed by color change in the media after resazurin addition, and the concentration of gentamicin on the nanoparticles that visually inhibited bacterial activity was determined (Tab. 2). The results on gentamicin concentration were in accordance with Literature that reports Minimal Inhibitory Concentration (MIC) and Minimal Bactericidal Concentration (MBC) of gentamicin against Staphylococcus aureus as 0.5 μg/mL and 2 μg/mL, respectively [37] . Nanoparticles without gentamicin at high concentration also inhibited bacterial activity, possibly due to chitosan antimicrobial properties.
